Treating carrot (Daucus carota L.) discs with ice-cold NaCl solutions for 30 minutes caused three effects that appear to be functionally related: the exchange of tissue Ca+ and Mg' for Na+, the release of protein, and the suppression of active uptake of glucose and orthophosphate. Cyclosis continued apparently unabated after treatment with NaCl at concentrations of up to 0.25 M, so the cells remained viable and energetically competent. The correlation between the release of Ca'+ and Mg+ and release of protein, and between these effects and the suppression of glucose and orthophosphate uptake, supports the hypothesis that divalent cations maintain, and monovalent cations disrupt, linkages between the outer cell surface and proteins required for active solute uptake. Calcium preserved uptake activity only when it was added in time to prevent the release of protein. Cells gradually recovered some glucose uptake activity after it had been completely inactivated by treatment with 0.25 M NaCl. This recovery occurred in the absence of added Ca+. It was inhibited by puromycin and so appears to require some protein synthesis. Beet (Beta vulgaris L.) discs were more resistant than carrot discs to treatment with NaCl solutions, thus reflecting the difference in tolerance of the two species to sodicity.
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; (c) suppressed uptake of 14C-labeled glucose and L-leucine by roots (15, 23) ; (d) increased loss of polypeptide material from roots (authors, unpublished data).
The essential role of Ca!+ in preserving structural and functional integrity of plant membranes and the antagonistic effects of monovalent cations are well documented (5, 14) . In their studies with soybean roots, Hanson and coworkers (7, 11, 26) found that both EDTA and monovalent cations removed Ca!+ and Mg2+, apparently from sites near the cell surface, along with UV-absorbing material that they suggested might be nucleotides. They also noted that removing divalent cations from roots suppressed their uptake of '3P and MCl, and that adding Ca2 rapidly overcame the suppression, thus corroborating Tanada's earlier observations (27) with mung bean roots. Cations may influence uptake activity and specificity through their effects on the conformation of membrane macromolecules (19, 24) . Also, divalent cations could aid in binding components of the transport system to the cell surface, whereas monovalent cations might promote their release. Heppel (13) , Pardee (21) , and others have obtained what appear to be membrane transport proteins from the outer surface of bacterial cells by relatively gentle EDTA-osmotic shock treatment. Uptake of certain solutes was impaired by the treatment and subsequently restored, in some cases, by adding back the released protein.
The objective of the experiments with carrot discs described below was to test the hypothesis that divalent cations maintain and monovalent cations disrupt linkages between the outer cell surface and proteins required for active solute uptake. Testing consisted of treating the discs with salt solution in the cold so as to minimize intracellular accumulation of salt, measuring the release of cations and of protein, and subsequently measuring the capacity of the treated tissue to take up glucose and Pt. Some expected consequences of the hypothesis are: (a) a release of protein following the exchange-replacement of tissue Ca's and Mg`+ by Na+; (b) correlation between the release of protein and the reduction of uptake capacity; (c) correlation between the preservation of uptake capacity by CaW+ and preservation of protein attachment. These expectations were verified experimentally.
An experiment with beet discs was included to compare the effects of NaCl treatment on tissue of a plant that is much more tolerant than carrot to sodicity (1, 17) . Sodicity commonly denotes a soil condition wherein 15% or more of the cation exchange sites on the soil exchange complex are occupied by Na+ instead of the usual Ca'+ and Mg'+. However, the important ionic conditions that a plant encounters on a sodic root medium, whether in the soil water or in nutrient culture solution, are: fairly high levels of Na+ (>20 meq/liter) and low levels of Ca2+ (<1 meq/liter) (1, 17) . Plant growth under these conditions seems to depend not so much on tolerance to Na' as on the ability of the plant to make do with small amounts of Ca2+ in the presence of considerably greater amounts of Na+. Beets grow quite well under these conditions (1) but carrots do not (17) . One possible explanation for the difference is that beet may require less Ca2+ for membrane maintenance but binds the required Ca2`more firmly than carrot does, making it more difficult to replace with Na+. The resistance of the membranes of beet discs to treatment with NaCl and EDTA supports this point of view.
MATERIALS AND METHODS
Preparation and Treatment of Carrot Discs. Carrots (Daucus carota L.) were purchased at a local market. A cylinder 9.5 mm in diameter was punched from the central xylem core with a No. 5 cork borer and sliced into 1-mm thick discs with a razor blade jig. The discs were washed and aged in several changes of aerated distilled water at room temperature (24-27 C; 25 C, in most cases) for a total of 18 hr. They were blotted dry with cleansing tissue and transferred in 20-g samples to 400-ml beakers. These were packed in ice on a rotary shaker. The discs were treated by shaking them (120 oscillations/min) for 30 min in 100 ml of ice-cold salt solution, or ice-cold distilled water in the case of the controls. The treatment solutions were decanted and saved. The discs were washed by shaking them for 30 min in 100 ml of ice-cold distilled water followed by a second wash of 30 min in distilled water at room temperature. The two washes were combined and saved. Treated and control discs were blotted dry, and then incubated at room temperature with shaking in 100 ml of 1 mm potassium phosphate buffer, pH 6.0, containing 1 mm glucose. The net uptake of glucose and P, by the tissue was determined by analyzing aliquots of the glucose-P1 solution. A 5-ml aliquot was withdrawn after 15 min of incubation and at hourly intervals thereafter.
The larg-, thin walled parenchyma cells making up the bulk of the discs showed very active cyclosis. This property was used to judge cell viability.
Analyses. The treatment solutions and the combined washes were each concentrated to about 5 ml by lyophilization. Salttreatment solutions w-re dialyzed against cold distilled water for 1 hr; the water washes were not dialyzed. The concentrates were brought to 80% ethanol and allowed to stand at -20 C overnight. The precipitate was collected by centrifugation (35,000g, 0 C, 30 min), washed with absolute ethanol-acetone (1:1 v/v), dried in air and in a vacuum desiccator over CaC12, and then taken up in a small volume of 1 N NaOH. The protein content was determined by the procedure of Lowry et al. (18) and by the biuret reaction (9) . Representative samples were also checked by Kjeldahl digestion and direct nesslerization. The proteinaceous nature of the material was also verified by hydrolyzing it with 3 N HCI in sealed tubes at 15 lbs., 120 C, for 5 hr and chromatographing the hydrolyzate on Whatman2 No. 1 paper with phenol-water (100:39 w/v) and 1-butanolacetic acid-water (100:22:50 v/v). Spots were located with ninhydrin and isatin sprays. The total protein content of the carrot discs was estimated from the Kjeldahl nitrogen content of the residue remaining after discs had been triturated with 95% ethanol and extracted with 80% ethanol and with cold 5% perchloric acid.
The polysaccharide content of the alcohol-insoluble material obtained from the salt-treatment solutions and the water -Trade names and company names are included for the benefit of the reader and do not imply any endorsement or preferential treatment of the product listed by the U. S. Department of Agriculture.
washes was estimated by the a-naphthol reaction (4), using galactose as a standard. This material was also hydrolyzed with 2 (28) .
Glucose was determined by the glucose oxidase procedure (Worthington Glucostat). P, was determined by the FiskeSubbaRow procedure (6) . The cation content of the discs was determined after nitric-perchloric acid digestion. Sodium and potassium were determined by flame photometry, calcium and magnesium by EDTA titration (3) . (10) concluded from their studies with carrot discs that glucose uptake is an active process. The discs in the present case took up both glucose and Pi at constant rates for at least 3 hr (Fig. 1) . The later decline in rate of glucose uptake is due to depletion of the solution, not to declining activity of the discs. Uptake returned to the higher rate when the solution was renewed. Measurements of uptake during the first 15 min in the glucosePi solution were often erratic, presumably because of irregularities in the volume of solution carried over on the surface and in the free space of the discs. These irregularities were not entirely eliminated by blotting discs to constant weight. Con the uptake of P, but not the uptake of glucose. Varying the ratio of glucose to P, in the absorbing solution had little or no effect on uptake rates. The uptake of one seemed to be uinaffected by the presence or absence of the other.
RESULTS

Control
The washed discs appeared to be substantially free from microbial contamination. Microorganisms were not observed when material scraped from the surface of the discs or collected by centrifuging the treatment solutions, washes, and glucose-P1 incubation solutions was examined under a phase contrast microscope (X 1500). The presence of puromycin did not affect the rate of disappearance of glucose and P, from solution containing control discs, indicating the absence of microbial contribution to the disappearance.
Suppression by NaCI. Treatment with ice-cold NaCl solutions for 30 min suppressed the uptake of both glucose and P1 (Fig. 1) (Table I) . Virtually all of the cations released appeared in the NaCl solutions, only traces appearing in subsequent water washes. Control discs, treated with distilled water only, released none of these cations. With NaCl concentrations up to 0.25 M, the meq of Na+ taken up was slightly less than the total meq of cations released, and so could all be accounted for by ion exchange. Increasing the concentration of NaCl to 0.30 M increased the amount of Na+ taken up apparently by mechanisms other than cation exchange for it caused very little increase in the amounts of Ca`0 and Mg`released and no increase in the amount of K+ released. Only a small fraction of the total cell K+ (about 8%) was accessible for exchange with Na+, and this fraction was completely removed by 0.10 M NaCl. The retention of most of the K+, even after treatment with 0.30 M NaCl, supports the assumption that the salt effects studied here were restricted to the outer surface of the cells.
Protein Release. The carrot discs released or secreted small amounts of protein to the bathing medium, and the treatment with NaCl solutions enhanced this release. Representative data are shown in Table II . The amounts of protein released varied somewhat with different batches of carrots, but the response to salt treatment followed a consistent pattern. Most of the protein released by salt came off into the water washes following the salt treatment rather than into the salt solutions. At concentrations of 0.05 M and 0.10 M, NaCl actually suppressed the release of protein in its presence. The amount of protein released to the wash went up with the first increment of NaCl and then remained essentially independent of NaCl concentration up to 0.20 M. Increasing the concentration of NaCl to Figure 2 shows the effect of treatments on the uptake of glucose and P1. Both Na+ and K+ promoted the release of protein and polysaccharide and both suppressed the uptake of glucose and P,. Both were more effective as chloride salts than as sulfate salts, possibly because of the lower OP of the chloride solutions (-10.4 bars for NaCl and KCl compared to -6.9 bars for Na2SO4 and K2S04). However, part of the difference may be due to the tendency of sulfate to form ion pairs and to stabilize macromolecules. Treatment with CaClh released polysaccharide more effectively than treatment with Na2SO4, but it did not promote the release of protein nor did it suppress the uptake of glucose. It had a slight stimulating effect on the uptake of P,. When Ca2+ and Na+ were supplied together, they were mutually antagonistic; Cae+ prevented the Na+-induced release of protein and suppression of glucose uptake, and Na+ reduced the Ca`stimulation of P1 uptake. The combination was also less effective than either NaCl or CaCl2 alone in releasing polysaccharide.
Calcium Reversal. Since most of the protein released by the NaCl treatment came off into the water wash following the treatment rather than into the salt solution (Table II) , it was of interest to determine whether the effect of NaCl on protein release and on the uptake of glucose and P, could be reversed by the presence of Ca2`in the wash. Discs were treated with NaCl and then washed with 0.5 mm CaCl2 (-0.03 bar OP) instead of with water. A low concentration of Ca2`was used to avoid appreciable reduction of the OP of the wash. The results (Table IVB and Fig. 3 ; compare with Fig. 1) show that the Ca2`wash did tend to reverse the effects of the earlier NaCl treatment. Some reversal also was obtained with 0.5 mm MgCl2.
After treatment with 0.20 M NaCi, the Ca' wash kept the protein release down to the control level and completely prevented the suppression of glucose uptake. It reduced, but did not prevent, the suppression of P, uptake. Increasing the concentration of the NaCi treatment solution to 0.25 M and 0.30 M increased the amount of protein released to the salt solution (Table II) and diminished the protection of uptake activity afforded by the Ca' wash. In order for Cae to preserve uptake activity, it evidently must be added before protein has been released. As another test of correlation between prior release of protein and diminished protection by Ca'+, discs were treated with 0.20 M NaCl, washed with water to remove protein, and then with 0.5 mm CaCl2. The subsequent rates of glucose and P1 uptake (Fig. 3) , show that removing the protein diminished the protective effect of Ca2+.
The presence of Ca!+ in the wash also reduced the amount of polysaccharide released after treatment with NaCl. In this case, the Cae wash appeared to be equally effective after treatment with 0.20 M, 0.25 M, and 0.30 M NaCl.
EDTA Treatment. In their studies with soybean roots, Foote and Hanson (7) observed that treatment with 1 mm EDTA released Ca'+ and Mg+ from the roots, along with UV-absorbing material, and suppressed the subsequent uptake of 3P and 'Cl by the roots. EDTA has also been used to release enzymes and membrane transport proteins from the outer surface of bacterial cells (13) . Hence, it was of interest to compare the effects of EDTA and NaCl on carrot cells. Discs were treated for 30 min with ice-cold 1 mm Na-EDTA, pH 6.0, without and with 0.20 M NaCl, washed twice with water as in the salt treatments, and then incubated in glucose-P, solution. The EDTA alone had little or no effect on protein release (Table IVC) or on glucose uptake (Fig. 4) . It did, however, suppress P1 uptake by about 30%. Together, EDTA and 0.20 M NaCl were about additive in suppressing Pi uptake but more than additive in promoting the release of protein and in suppressing the uptake of glucose, indicating a synergistic effect. The EDTA presumably sequestered divalent cations as they were released by exchange for Na+ and thus increased the exchange.
Puromycin Treatment. The delayed appearance of glucose uptake after treatment with 0.25 M NaCl (Figs. 1 and 2) , with 0.125 M KOSO4 (Fig. 2) , or with 0.30 M NaCl followed by a Ca2' wash ( Fig. 3) indicates that the cells were able to repair salt damage to the glucose uptake system, but this repair took several hours at room temperature. Membrane repair, which seems to be indicated, would very likely require protein synthesis, perhaps to replace the protein removed by salt treatment. Hence, it was of interest to determine whether salttreated discs would recover glucose uptake activity in the presence of puromycin, an inhibitor of protein synthesis. Discs were treated with 0.25 M NaCl, washed with water to remove protein and completely inactivate glucose uptake, and then incubated at room temperature in glucose-P, solution without and with 25 ,g/ml puromycin. The uptake of glucose and P1 from this solution was measured over a 5-hr period. The discs subsequently were washed for 90 min in several changes of aerated distilled water, and then returned to fresh glucose-P, FIG. 5 . Effect of puromycin on the uptake of glucose and PI by control and NaCl-treated carrot discs. Discs were treated with icecold 0.25 M NaCl or water and washed with water (standard procedure, see Fig. 1 ). Control and treated discs were incubated at room temperature in glucose-Ps solution without and with puromycin (25 ,Ag/ml) for 5 hr. At the end of this time, they were washed for 90 min in several changes of aerated distilled water at room temperature and returned to fresh glucose-Pi solution without puromycin. The open and filled circles coincide in most cases. 6 . Effect of treatment with NaCl and with NaCl plus 1 mM Na-EDTA on the uptake of glucose and Pi by beet discs. Beet discs were prepared, treated, and incubated according to standard procedures (legend, Fig. 1 ). The open circles and crosses coincide. solution without puromycin. The presence of puromycin had no effect on the uptake of either glucose or P, by control discs not treated with salt (Fig. 5) . In the case of the salt-treated discs, puromycin completely inhibited the reduced P,-uptake activity that had survived the salt treatment; it also prevented the recovery of glucose-uptake activity and caused the discs to become leaky to glucose. Washing the NaCl-puromycin-treated discs in distilled water permitted a gradual recovery of some glucose uptake activity but there was no indication of recovery of P, uptake activity.
Beet Experiment. Garden beets (Beta vulgaris L.) were obtained at a local market. Discs were prepared, aged (18 hr), and treated in the same way as the carrot discs. The beet discs were not as active as the carrot discs in taking up glucose but they were comparable in taking up P1 (Fig. 6) . Judging from the uptake and retention of glucose and P,, beet was more resistant than carrot to treatment with NaCl. Beet discs continued to take up glucose and P1, although at reduced rates and after a lag in the case of glucose, following treatment with 0.30 M NaCl. This concentration completely prevented net uptake by carrot discs and caused the cells to become leaky (Fig. 1) . Treatment with 1 mm Na-EDTA in the presence of 0.20 M NaCl had no effect at all on the uptake activity of beet. Either there were no divalent cations released by 0.20 M NaCl to be sequestered by EDTA or, if there were, it made no difference to the glucose and P, uptake mechanisms whether they were sequestered or not.
Van Steveninck (30) , also working with red beet discs, noted that 0.1 mm EDTA caused the beet membranes to become leaky to K+. However, his experimental conditions were somewhat different from ours. He used freshly cut discs, which are more leaky to begin with, and he treated them with EDTA. apparently as the free acid, at 24 C for several hours.
Reconstitution. Attempts at restoring the glucose and P, uptake activity of salt-treated carrot discs by adding back the moieties they release have so far been unsuccessful. One possible explanation is that one of the protein fractions released from the cells is precipitated by traces of Ca2+. If this fraction is required for reconstitution, its precipitation enroute to the cell surface may thwart attempts at reconstitution.
DISCUSSION
Treating carrot discs with ice-cold NaCl solutions for 30 min caused three effects that appear to be functionally related: the exchange of tissue Ca2+ and Mg2+ for Na+; the release of protein; and the suppression of active uptake of glucose and P,. These appear to be nonspecific monovalent cation effects; they were caused by KCI as well as by NaCl. Chloride did not appear to be directly involved, but the nature of the anion did influence the effectiveness of the cation; both Na+ and K+ were more effective as chloride salts than as sulfate salts. The correlation between the release of Ca' and Mg2+ and the release of protein, and between these effects and the suppression of glucose and P, uptake, supports There also appeared to be a correlation between the amount of protein released by salt, but appearing in the wash, and the degree of suppression of glucose and P1 uptake. On the average the rates of glucose and P, uptake declined about 23% and 14%, respectively, per microgram of protein released per gram of tissue. Thus, the P, uptake mechanism appeared to be the more resistant of the two.
The P, uptake mechanism also differed in showing a stimulation by free or loosely held Ca25. This Ca2+ was accessible to EDTA and apparently was not involved in protein attachment. A Ca2+ stimulation of P, uptake by root tissue has been observed earlier by several workers, for example, Tanada (27) and Foote and Hanson (7) . More recently, Hanson and coworkers (12, 29 , and references cited therein) have shown that the uptake of P, by isolated corn mitochondria requires activation by Ca2+. Apparently P1 and Ca' are transported into the mitochondrion together by an energy dependent process that substitutes for ATP production. It is not clear whether the Ca' stimulation of P1 uptake by tissue and the Ca2+ activation of P1 uptake by mitochondria are related effects.
Monovalent cation-induced damage to the cell membrane may help to explain the growth suppression caused by sodic root media. Such media provide conditions promoting this damage, that is, a fairly high concentration of Na+ coupled with a very low concentration of Ca2 . In the case of the two plant species examined, one sensitive to sodicity (carrot) and one tolerant (beet), tolerance was associated with resistance of the cell membrane to damage by Na+. The protective effect of Ca2' against Na+ injury to the carrot cell membrane has a parallel in the observation that carrot plants were specifically sensitive to Na+ only on Ca2' deficient media (17) . The concept that a Ca2+ deficiency might contribute to reduced plant growth on sodic root media apparently was first suggested by Ratner (25) .
Since the monovalent cation-induced injury described here was reduced or prevented by the presence of Ca2 , it would not be expected to play a role in suppressing plant growth on saline media. By definition, a saline medium contains sufficient Ca2+ for plant growth. Its growth suppressive effect is related not to a low level of Ca'2 but to a high level of soluble salts; Ca>, in some cases, is the dominant cation. Salination of a complete nutrient solution with CaCI2 was just as effective in suppressing the growth of bean plants as salination with osmotically equivalent amounts of NaCl (8) . Tissues of the CaCl2 stunted plants contained up to twice the normal amounts of Ca , so a Ca2+ deficiency was clearly not at issue.
The amount of Ca2+ required at the cell surface to prevent monovalent cations from releasing protein and suppressing glucose and P, uptake has not been established, but it appears to be low enough to be satisfied by most saline root media. However, it is quite possible that saline solutions, even containing high levels of Ca2+, may cause some other type of membrane damage that was not detected in our short term experiments but nevertheless might contribute to plant growth suppression.
From another point of view, salt treatment of plant tissue may be a useful tool for disassembling the cell membrane and for studying membrane transport processes.
